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ABSTRACT 

Experiments have been made to examine changes in surface structure and composition as well as hardenability of 
the Cu-10Ni-2Al alloy due to different treatments in argon magnetron sputtering and different heat treatments. 
Furthermore, hysteresis behaviour of the given alloy in dry argon atmosphere at two different gas pressures was 
investigated. The results showed that sputtering times and annealing temperatures were greatly affected these changes. 
Presence of aluminum in the alloy was found to increase its hardness compared to that of the Cu-lONialloy. 
Scanning electron microscopy, X-ray diffraction, energy-dispersive X-ray spectroscopy as well as Vickers 
microhardnesstester were used in this study. 
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INTRODUCTION 

Cu-Ni alloys are single phased throughout the full range of compositions and many standard alloys exist within 
this range, usually with small additions of other elements used for special purposes [1]. Cu-Ni alloys have interesting 
physical and mechanical properties, even under continuous loading and at elevated temperatures, together with high 
resistance to corrosion in many media. Therefore, they are widely used in metallurgical works andmarine environments 
[2,3].For most applications, the Cu-lONialloy is more widely used in marine industry which provides good service at a 
lower cost [4,5]. On the other hand, the properties of the binary Cu-lONialloy are not adequate for many applications. 
Certain properties of this alloy can be significantly improved by adding several elements. Among these elements, 
aluminium, iron, tin, niobium, silicon,chromium, beryllium and manganese are technically important [6-15]. 

High strength copper alloys play a significant role in the automation industry, and automobile industry, as well as 
electrical and electronicsindustry [16,17].Cu-Be alloys are the most widely used elastic copper, owing to their high 
strength and electrical conductivity [18]. However, the high toxicity of beryllium in Cu-Be alloys limits their processing 
and application. Many researchers have put great effort to develop new elastic copper alloys without beryllium, such as 
Cu-Ni-Al alloys to replace the harmful Cu-Be alloys [19]. The principle high strength Cu-Ni-Al alloys result from the fact 
that the presence of aluminiumin these alloys increases the strength through the formation of age-hardening precipitates, 
principally consisting of Ni 3 Al (known as gamma prime) [20]. Recently, the authors have made a study on the effects of 
physical sputtering and annealing temperature on surface behavior of Cu-lONialloy and showed that surface topography 
and composition of this alloy as well as its hardness were greatly affected by sputtering time and annealing 
temperature[21]. Accordingly, it was considered useful to fulfil previous studies and investigate the effects of Al addition 
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on sputtering characteristics, surface compositionand hardenability of the Cu-lONi alloy. 

EXPERIMENTAL PROCEDURES 
Materials and Samples Preparation 

The Cu-10Ni-2Al alloy used in the present study was prepared from predetermined weights of spectroscopically 
pure copper, nickel and aluminium metals. The method of preparation was described elsewhere [22] .Homogenization was 
achieved by solutionizing the in got at 873 K for 24 h. The ingot was then cold rolled at a 10% reduction per pass to a final 
thickness of 0.25 mm with intermediate steps of annealing during the rolling process. The elemental composition of the 
alloy under investigation was obtained as Cu-10.5wt.%Ni-1.9wt.%Al by using energy-dispersive X-ray spectrometer. 
Figure. 1 shows the presence of Cu, Ni and Al elements in the as-received sample. Samples undergoing the previous steps 
were polished to obtain the as-received material and some of them were transferred to a furnace for various heat treatments 
as will be explained below. 



Figure 1: EDX Spectrum Showing the Different Elements in the Cu-10Ni-2Al Alloy 
Experimental Methods 

Samples of the Cu-10Ni-2Al alloy (1.5 cm x 0.5 cm) were cut and annealed in groups in the temperature range 
(473-1073 K) for 1 h followed by water quenching. All samples were electopolished to be ready for different analyses, 
measurements and examinations. The hardness of this alloy wastested by Vickers microhardness tester (Model MHP 160) 
under the load of 80gf for 30 s. At least 15 indentations for each sample were considered to obtain accurate results. 
Scanning electron microscopy equipped with an energy-dispersive X-ray spectrometer (EDS/EDAX Genesis FESEM/ 
QUANTAFEG 250, Central Metallurgical Research and Development Institute, El Tabbin, Cairo-Egypt) was used to 
examine the changes in surface topographies of the alloy samplesas well as their surface compositions due to ionic 
bombardment. 

Additionally, phase analysis of the samples before and after the different annealing treatments was performed 
using X-ray diffractometry (Philips X' Pert Multi Purpose Diffraction Diffractometer) and filtered CuKa radiation with a 
wavelength of 1 . 5406A was used. The X-ray diffraction (XRD) patterns overa wide range of diffraction angles 29 ranging 
from 30° to 100° were recorded at room temperature. On the other hand, sputtering experiments were performed using a 
d.c. magnetron sputtering system (Balzers SCD 040) which has been described in detail elsewhere [23]. A Cu-10Ni-2Al 
disc of 54 mm diameter and 0.25 mm thickness was used as a target and formed the outer face of the water-cooled cathode 
and the small cut samples (1.5 cm x 0.5 cm) were fixed on the target. The vacuum system was pumped down to an ultimate 
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pressure of 10~ 3 mbar before gas admission using a two-stage rotary pump with a pumping speed of 4 m 3 /h. Argon gas of 



99.999% purity was employed to the vacuum system through a copper coil immersed in liquid nitrogen, before admission 
to the vessel, to remove water vapour and P2O5 was used as a drying agent inside the vessel. All sputtering experiments 
were carried out in an argon atmosphere, gas pressure of 0.1 mbar and constant input power of about 21 W. The samples 
were sputtered separately for different times (1 h, 2 h and 3 h) and the sputtered samples were then examined by both 
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). 

RESULTS AND DISCUSSIONS 
Hysteresis Behaviour 

The current-voltage characteristics for the targets depend on several parameters such that current density, ion 
energy, target's material, gas pressure and gas type. Ion bombardment of the Cu-10Ni-2Al target in a dry gas atmosphere 
of Ar + resulted in the I-V characteristics shown in Figure. 2 (a, b) at two successive gas pressures of P/(0.05 mbar) and 
^(O.l mbar). It is interesting to note the formation of hysteresis loops due to the lack of coincidence of the curves for 
increasing and decreasing voltage. As can be seen from Figure. 2, as the applied voltage was increased,the corresponding 
current value increased for both gas pressures (P 7 and P 2 ). This increase in the current values was expected since the 
sputtering yield and thus the number of the emitted secondary electrons increases with increasing the applied voltage [24] . 
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Figure 2: I-V Characteristics of Cu-10Ni-2Al Targets Due to Ar + Sputtering at Two Successive Gas Pressures: 

(a) 0.05 mbar; (b) 0.1 mbar 

From the first insight, one can realize that higher current values are obtained when increasing the gas pressure from 
Pi (0.05 mbar) to P 2 (0.1 mbar) at constant applied voltage. This can be understood on the fact that as the gas pressure 
increases, the number of ions increases in the glow discharge atmosphere causing more atoms to be sputtered off the target 
with the possibility of more emission of secondary electrons. Since the total current is the algebraic sum of gas ions and 
emitted secondary electrons, therefore as the gas pressure increases the current increases too.In Figure. 2a, as the applied 
voltage is decreased rapidly from 580 to 220 V (time taken for the whole hysteresis loop is approximately 3 min), the 
corresponding current values depart to lower values from those previously obtained during the first path of the cycle. It is 
believed that the characteristics obtained in this case are based on the formation of thin oxide layer which redepositson the 
target surface (during the first path of the cycle) as well as the deionization process of the gas. Thus, because of this oxide 
layer, more dissipation of the incident ion energy occurs leading to a smaller number of sputtered atoms (i.e., a smaller 
number of the emitted secondary electrons) and consequently lower current values are obtained. It is also clear from Figure. 2 
that the area of the hysteresis loop is related to the gas pressure, it is larger at the higher pressure P 2 (Fig. 2b). 
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Surface Structure 

Sputtering the As-received Samples 

It is well known that preferential sputtering of one of the target components leads to the formation of an alternated 
layer whose composition is different from the bulk. The surface structure of the as-received polished sample is given in 
Figure. 3a as a reference, and the morphological features developed on surfaces of the sputtered samples for different times 
(1 h, 2 h and 3 h) are given in Figure. 3(b-d).From the first insight, one can observe that the surface of the as-received 
(unsputtered) sample appeared almost smooth and free from any isolated particles. As the sample was sputtered for 1 h, the 
surface became slightly eroded with the appearance of some nano particles (Figure. 3b). As the sputtering time increased to 
2 h, the surface became more eroded with the appearance of some large cones (Figure. 3c). Increasing the sputtering time 
up to 3 h caused the disappearance of most of these cones and the surface appeared fully covered with nano particles 
(Figure. 3d). Figure. 4 is a higher magnification of Figure. 3 d which shows that the sizes of the different scattered particles 
that appeared on the surface are on average of 100 nm (nano particles). 




Figure 3: Surface Morphology of the As-received Cu-10Ni-2Al Samples Developed in Ar + D.C Glow Discharge for: 

(a) 0 h (Unsputtered), (b) 1 h, (c) 2 h, (d) 3 h (X60 000) 




Figure 4: A Higher Magnification of Figure. 3d Showing Different Sizes of Some Scattered Particles.(X100 000) 

The cyclic changes of Figure. 3(b-d) can be attributed to the presence of particles with different sputtering yields. 
As the sputtering time increased to 2 h, some particles (of high sputtering yield) are sputtered off caused partial depletion 
of the surface from these particles, while other particles (of low sputtering yield) are appeared on the surface as large cones 
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(Figure. 3c). As the sputtering time increased to 3 h (Figure. 3d), most of these large cones are sputtered off and small 
particles are appeared again similar to those shown in Figure. 3b. 

Sputtering the Annealed Samples 

Two groups of samples were annealed for 1 h at two different temperatures 873 K and 1073 K, respectively. 
These annealed sampleswere then subjected to sputtering process in argon dc glow discharge for 3 h and their surface 
morphological features are shown in Figure. 5. As shown in Figure. 5a, a rough surface associated with the appearance of 
some gathered tiny particles and etch pits were observed in the sample annealed at 673 K. As the annealing temperature 
increased up to 1073 K (Figure. 5b), the surface appeared to be less rough than that in Figure. 5a but fully covered with 
nano particles indicating a decrease in the surface roughness. 




Figure 5: Surface Morphology of the Cu-10Ni-2Al Samples Due To Ar + Sputtering for 3 h After Annealing the 
Samples for 1 h at Two Different Temperatures: (a) 673 K; (b) 1073 K.(X60 000) 

The XRD analysis given in Figure. 6 (a-c) confirmed the presence of Cu 38 Ni phase. When the samples were 
annealed at temperatures 673 K and 1073K respectively, Figure. 6 (b, c), a noticeable growth for this phase was observed 
as compared with that for the as-received sample (Figure. 6a). Furthermore, Figure. 6c shows the disappearance of the 
CuAl phase and formation of small peaks of Ni 3 Al and Al 4 Ni 3 phases instead. The growth of the Cu 38 Ni phase associated 
with increasing the annealing temperature is confirmed by calculating the particle size from the half width of the spectral 
lines corresponding to this phase using Scherer formula [25]. The changes in the average particle size of Cu 38 Ni phase 
associated with increasing the annealing temperature are represented in Figure. 7. It was observed from Figure. 7 that the 
particle sizes of Cu 3 8 Ni phase are on the average of 22 nm for the as-received sample. As annealing temperature increased 
up to 673 K, the average particle size is slightly increased to be 26 nm. Further increase in annealing temperature up to 
1073 K, caused a noticeable increase in the average particle size (44 nm). 
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Figure 6: X-Ray Diffraction Patterns Obtained for Cu-10Ni-2Al Samples Annealed for 1 h at Different 
Temperatures: (a) As-received; (b) 673 K; (c) 1073 K 
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Figure 7: Variation of Average Particle Sizes of the Cu3.sNi Phase With Annealing Temperature 
Elemental Analysis 

It is well known that the ion sputtering of multi-element target leads to the preferential sputtering of the elements. 
So, the surface concentration of the elements after ion sputtering differs from the bulk composition. Spectrum of EDS was 
used to detect the elemental compositions for the Cu-10Ni-2Al samples before and after the sputtering process. Different 
zones were selected for each sample and the values of the elemental compositions given in Tables 1, 2 are the average of at 
least ten measurements. Table 1 gives the elemental compositions for the as-received Cu-10Ni-2Al samples after being 
sputtered in a dc glow discharge for different times (1 h, 2 h and 3 h). It can be concluded from this Table that increasing 
the sputtering time up to 3 h resulted in an increase of both Ni and Al contents on the sample surface by approximately 
25% and 13%, respectively compared with the unsputtered sample. This is due to the low sputtering yields of both Ni and 
Al elements compared with that of Cu.The ratio of the sputtering yields of pure Ni and Al with respect to Cu are 
to be in the form: 
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— — = 0.65 , ~ 0.52 for 500 eV Ar + bombardment 26]. 

Y Y 

1 Cu 1 Cu 

Table 1: Elemental Compositions for the As-received Cu-10Ni-2Al Samples Sputtered in an Ar + dc Glow Discharge 

for Different Sputtering Times 



Figure 3 


Sputtering 
Time (h) 


% Elemental Composition + 
0.05 


Weight gain 
percentage of Ni 


Weight gain 
percentage 
of Al 


wt.%Cu 


wt.%Ni 


wt.%Al 


(a) 




87.60 


10.50 


1.90 






(b) 


1 


86.96 


11.06 


1.98 


5.3% 


4.2% 


(c) 


2 


86.72 


11.18 


2.10 


6.5% 


10.5% 


(d) 


3 


84.77 


13.08 


2.15 


24.6% 


13.2% 



On the other hand, the elemental compositions for the Cu-10Ni-2Al samples being annealed for 1 h at two 
different annealing temperatures (673 and 1073 K) followed by sputtering in a dc glow discharge for 3 h are given in Table 
2. The data in Table 2 showed that sputtering the annealed sample (at 1073 K for 1 h) for 3 h increased the Ni content on 
the sample surface by approximately 56% compared with the as-received (unsputtered) sample. This increase in the Ni 
content on the sample surface is referred to: (i) the growth of the Cu 3 8 Ni phase particles (Figure. 7) which need more 
energy to be sputtered off, (ii) the fact that surface binding energy of Ni atoms is higher than that of Cu atoms [27]. 
Moreover, it is well known that the component segregation may result from different diffusion rates between Cu and Ni 
because the diffusion rate of Cu is faster than that of Ni during annealing process. Therefore, the Cu atoms (of high 
diffusivity) segregate faster towards the grain boundaries at elevated temperatures and the sample surface becomes 
enriched with Ni content. This explanation is in accordance with those obtained previously by other authors [28,29]. 

Table 2: Elemental Compositions for the Cu-10Ni-2Al Samples Being Annealed for 1 h at Two Different Annealing 
Temperatures (673 K and 1073 K) Followed By Sputtering Separately in an Ar + dc Glow Discharge for 3h 



Figure 5 


Annealing 
Temperature 

(K) 


Sputtering 
Time 
(h) 


% Elemental Composition + 
0.05 


Weight 
gain 
percentage 
ofNi 


Weight 
loss 
percentage 
of Al 


wt.%Cu 


wt.%Ni 


wt.%Al 


(a) 


673 


3 


86.39 


12.06 


1.55 


15% 


18.4% 


(b) 


1073 


3 


82.35 


16.40 


1.25 


56.2% 


34.2% 



Furthermore, Table 2 showed that sputtering the same annealed sample decreased the Al content on the sample 
surface by approximately 34% compared with the as-received (unsputtered) sample. This decrease in the Al content on the 
sample surfacemay be attributed to the disappearance of the CuAl phase, besides the thermal energy delivered to Al atoms 
(of low percentage) during annealing process at elevated temperatures. On the other hand, the remaining Al content on the 
same sample surface (1.25wt.%) may be due to the formation of both Ni 3 Al and Al 4 Ni 3 phases which believed to be of low 
sputtering yields as well. 

Increasing the Ni content on the sample surface either due to ion bombardment and/or heat treatment significantly 
improves the resistance of the given alloy to corrosion in different media[4]. 
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Hardness Measurements 

The dependence of Vickers hardness (H v ) on annealing temperaturefor the Cu-10Ni-2Al alloyis plotted in Figure. 
8. For the sake of comparison, the H v values for the binary Cu-lONi are also included in this figure[21]. It is clear from this 
figure that H v values for the Cu-10Ni-2Al samples were always higher than those for the Cu-lONi. This is believed to be 
attributed to the addition of Al to the Cu-lONi alloy which in turn increased its strength by a conventional precipitation 
hardening mechanism, besides the fact that the anneal hardening effect is more expressive in ternarythan in binary systems 
[30]. Furthermore, Figure. 8 shows that H v of each alloy decreased slightly with increasing annealing temperature up to 
673 K then decreased sharply with further increase in temperature up to 1073 K. The slight decrease in H v values 
(for Cu-10Ni-2Al samples) may be attributed to the the partial decrease of crystal imperfections as well as the slight 
increase in the average particle size of Cu 3 8 Ni phase from 22 nm to 26 nm as shown in Figure. 7. 




200 40 0 6 00 800 100O 120< 
Annealing Temperature, K 

Figure 8: Vickers Hardness Versus Annealing Temperature for Both Cu-lONi and Cu-10Ni-2Al Alloys 

On the other hand, the significant decrease in H v with increasing annealing temperature above 673 K may be 
attributed to the reduction of both hardening effect formed previously during cold rolling [31] and/ or density of tiny Cu 3 8 Ni 
phase particles (due to their coarsening). Accordingly, one can predicts that above 673 K,the rate of recrystallization of the 
given alloy increased too and consequently a sharp decrease in H v values were expected. These results are supported by 
the data shown in Figure. 7, which shows that the average particle size of Cu 3 8 Ni phase is significantly increased from 26 
nm to 44 nm as the annealing temperature increased from 673 K to 1073 K, respectively. 

CONCLUSIONS 

Surface structure, composition and hardenability of Cu-10Ni-2Al alloy developed in a magnetron sputtering 
system were conducted. The main conclusions were drawn as follows: 

• Sputtering the as-received Cu-10Ni-2Al sample up to 3 h increased the Ni and Al contents on the sample surface 
by approximately 25% and 13%, respectively compared with the unsputtered sample. 

• Sputtering the annealed Cu-10Ni-2Al sample (up to 1073 K for 1 h) for 3 h increased the Ni content on the sample 
surface by approximately 56% while decreased the Al content by nearly 34% compared with the as-received 
(unsputtered) sample. 

• Sputtering the annealed sample at a low temperature (673 K) produced rough surface, while sputtering the 
annealed sample at an elevated temperature (1073 K) provided nearly smooth surface. 

• Hardness of the given alloy is found to be dependent on the annealing temperature. 
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• The presence of Al element in the present alloy is of a major role in increasing material hardness. 
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